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Abstract 
Nitrogen and water uptake of lucerne and cocksfoot-perennial lupin pastures 
under dryland conditions 
 
by 
Stephanie Williams 
A field experiment was conducted to quantify the water use and nitrogen uptake of lucerne and 
cocksfoot-lupin pastures under dryland conditions. To do this, the study made use of established 
pastures located at Lincoln University, Lincoln and Sawdon Station, Tekapo. Lucerne and cocksfoot-
lupin pastures were sown in December 2013 at Lincoln University. At Sawdon Station, lucerne was 
sown in 2009 and grass-lupin pasture sown in 2003.  
From July 2014-June 2015 at Lincoln University, lucerne had a greater yield (3,100 kg DM/ha more) 
and water use efficiency (WUE) (4.4 kg DM/ha/mm water used more) than cocksfoot-lupin pastures. 
Nitrogen (N) content of lucerne was consistently above 4.0% which ensured higher rates of leaf 
photosynthesis were obtained per unit of water used compared to 3.43% for cocksfoot-lupin pasture. 
Greater yield and WUE for lucerne was also due to a greater rooting depth and ability to extract water 
from further down the soil profile (53 mm more water extracted). Lucerne had a greater rooting depth 
than cocksfoot-lupin (2.0 v 1.7 m) which allowed lucerne to grow for a further two months during 
summer when cocksfoot-lupin pasture growth noticeably declined at mid-November. Soil moisture 
was consistently below 27% soil volumetric water content during the season indicating cocksfoot was 
moisture limited throughout the season. 
N application did not affect yield of lucerne at Lincoln University regardless of application date. 
Cocksfoot-lupin growth was improved by 1,261 kg DM/ha when 600 kg N/ha was applied in July. This 
was primarily due to N stimulating cocksfoot growth which constituted 90-100% of the sward. N 
content of cocksfoot only exceeded 5.2% (below which plants do not photosynthesis at their 
maximum) during this increase in growth suggesting cocksfoot was moderately N stressed for the 
majority of the season which lowered potential growth. 
Keywords: alfalfa, Dactylis glomerata, high country, legumes, Lupinus polyphyllus, Medicago sativa, 
nitrogen content, urine, water use efficiency 
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1 Introduction 
Traditionally, New Zealand (NZ) farming systems utilise ryegrass-clover mixes, most commonly 
perennial ryegrass (Lolium perenne) and white clover (Trifolium repens). However, this mixture is 
unreliable in dryland areas and has low persistence (Mills et al. 2015). Low persistence is due to shallow 
roots of ryegrass and white clover, which limits their access to soil water. As a consequence, this can 
lead to water stress and in addition to high soil temperatures can reduce herbage quantity and quality 
during dry summer and autumn periods (Brown et al. 2005a). Pasture production in eastern regions of 
NZ is frequently limited by inadequate rainfall, particularly during summer (Moot et al. 2008). Recent 
droughts and growing variability in NZ’s rainfall increase the need for suitable dryland pasture species. 
In terms of soil fertility, low nitrogen (N) availability for plant uptake is regarded as the main limitation 
for pasture production (Lambert et al. 1982). Therefore identification of suitable legumes in this 
environment is essential for their N fixation ability and quality attributes for improving forage 
production. 
Pasture production in NZ high country is further limited by acidic (low pH) soils and poor fertility, in 
particular low phosphorus (P) and sulphur (S). In low pH (<5.5) conditions, high exchangeable 
aluminium (Al) concentrations (>3.0 mg/kg) can be toxic to legume species such as lucerne (Medicago 
sativa). Although legumes are incorporated into these systems for their N fixing ability and feed quality, 
Al presence severely restricts root growth and nodulation and therefore yield (Moir & Moot 2010). 
Perennial lupin (Lupinus polyphyllus) is one plant species that has demonstrated Al tolerance (Scott 
1989). However, research regarding perennial lupin grown as a forage in NZ conditions is limited. 
The aim of this study was to quantify the water use and N uptake of lucerne and cocksfoot (Dactylis 
glomerata)-lupin pastures under dryland conditions. To do this, the study made use of established 
pastures located at Lincoln University, Lincoln and Sawdon Station, Tekapo. 
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2 Literature review 
This review investigates the water and N uptake of lucerne and cocksfoot-perennial lupin pastures 
under dryland conditions in NZ. 
2.1 Lucerne and lupin in New Zealand 
Lucerne is a deep tap-rooted, winter dormant, perennial legume that has been grown throughout NZ 
for over 100 years for its persistence in dryland areas (Wynn-Williams 1982). Lucerne produces 0.3-0.9 
m erect stems from a crown which dies back each autumn (Horn & Hill 1987). Leaves are 2-5 cm long 
arranged in a trifoliate form. Leaflets are oval shaped and 1-3 cm long where the central leaflet is on a 
longer stalk (petiolule) that the two lateral leaflets. It produces purple flowers 0.8 cm long in racemes 
of up to 5 cm long. Flower colour intensity ranges from light to very dark depending on age of stand 
and cultivar. Pods produced are smooth and spirally coiled 2-3 turns containing 10 or more seeds. 
Lucerne is the most common pasture alternative used as a specialist dryland forage for either grazing 
or feed conservation (White & Hodgson 1999). Lucerne’s tap-root can extend greater than 2.3 m within 
the soil profile to extract water during dry summers (Brown et al. 2003). In non-water limiting 
conditions, lucerne can typically produce over 20 t dry matter (DM)/ha on well-drained, high fertility 
soils that have a pH greater than 5.8 (White & Hodgson 1999). In dryland conditions lucerne can yield 
17-21 t DM/ha and comprise 94% of the botanical composition of the sward in the sixth year after 
sowing (Brown et al. 2005b). 
Despite an advantage in yield, lucerne is unsuitable for many dryland regions where low pH (<5.5) and 
high (>3.0 mg/kg) available Al in soils severely restrict its root growth and nodulation and therefore 
yield (Moir & Moot 2010). High levels of exchangeable Al in soil are prevalent in mid to higher rainfall 
areas of the high country (Scott 1989). The levels of exchangeable Al increases to toxic levels (>3.0 
mg/kg) as soil pH decreases (Figure 2.1). Low pH can be overcome with lime application, increasing by 
0.15 units/t lime applied. However, this can prove uneconomic or difficult where aluminium is present 
throughout the soil profile (Moir & Moot 2014). Therefore, additional perennial legume species are 
required to provide the benefits of increased forage quality, N fixation, and improved yields where 
lucerne cannot be grown. Lupin is one plant species that has shown Al tolerance. It has the ability to 
shift the concentration of Al from the mineral soil to the surface organic matter by accumulating Al in 
its foliage (Scott 1989). 
Perennial lupin is indigenous to western North America grown for fodder or as an ornamental plant. 
Trials at Tekapo, Tara Hills, and in Central Otago, plus observations on local roadsides, wet areas, and 
acidic soils have indicated perennial lupin has the ability to survive the local climate (Moot & Pollock 
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2014; Scott 1989). It has also been noted that lupin has provided an ongoing source of feed for 30 
years by its presence on roadsides and often general absence from adjacent grazed land.  
Lupin is similar to lucerne in that it is a tap-rooted, winter dormant, perennial legume which grows 
erect from a crown and dies back to a stout crown each winter (Horn & Hill 1982; Horn & Hill 1987; 
Scott 1989). During vegetative growth, stems are usually short and inconspicuous but reproductive 
stems can reach a height of 1.5 m at maturity. The plant has a palmate leaf arrangement with leaflets 
being quite hairless above and sparsely hairy underneath. Leaves arise from a rosette at the base with 
15-30 cm long petioles. It has long leaves, each with 9-16 pointed, lanceolate to oblanceolate leaflets 
5-15 cm in length. The flowers, in an elongated terminal raceme up to 60 cm long, are individually up 
to 2 cm long ranging from colours of red, blue, cream, and pink to various shades and combinations of 
these colours. Flowers generally appear in November and December but can occur in any season as 
lupin will attempt to flower under any conditions suitable for growth. The seed pods produced are 2.5-
4.0 cm long containing approximately six seeds. Seeds are brown to black in colour with a glossy sheen 
and are about 0.3-0.5 cm long. At physiological maturity the pods shatter and seeds are dispersed. This 
process is dependent on temperature, where temperatures above 25 oC cause pods to shatter, and will 
vary depending on the maturity of pods within a spike and between plants. 
 
Figure 2.1: Relationship between exchangeable soil Al and soil pH at Lees Valley, North Canterbury (Moir & Moot 
2010). 
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2.2 Water use 
Pasture production in eastern regions of NZ is frequently limited by inadequate rainfall, particularly 
during summer (Moot et al. 2008). Recent droughts and growing variability in NZ’s rainfall has 
increased the need for dryland tolerant pasture species. The annual rainfall ranges from 300-800 mm 
which is relatively evenly distributed throughout the year. However, summer evapotranspiration 
exceeds rainfall in most years causing water stress. Rainfall events during summer result in rapid soil 
evaporation of the first 10-20 mm due to warm soil temperatures and low herbage cover. About 97% 
of water taken up by plants is lost to the atmosphere, mostly by transpiration (Taiz & Zeiger 2010). 
About 2% is used for volume increase or cell expansion, and 1% for metabolic processes, 
predominantly photosynthesis. The direct effect of insufficient water, regardless of pasture species, is 
no growth will occur. Water stress reduces canopy expansion through restriction of leaf expansion thus 
reducing canopy light interception (Mills et al. 2006). Photosynthesis rates per unit leaf area are also 
reduced further declining potential yield. In grasses, such as cocksfoot, tillering is also suppressed 
hindering canopy light interception. In dryland conditions, it is important to consider timing and 
amount of rainfall, available water capacity of the soil, and the depth of extraction by the roots of plant 
species. Inclusion of tap-rooted species into farming systems such as lucerne and more drought 
tolerant grass and legume combinations (Mills et al. 2008) such as cocksfoot-lupin can improve pasture 
production over traditional pasture species with shallow root systems which limits their access to soil 
water. 
As pressure on water resources further increases from land use change and intensification of farming 
systems, pasture species that express traits for improved water use efficiency (WUE) while maintaining 
desirable agronomic and production characteristics are needed. Deep-rooted species such as lucerne 
are commonly associated with water-limited environments and exhibit a greater ability to tolerate 
drought conditions. White and Snow (2012) stated that increasing rooting depth could be one trait 
that not only confers greater water-stress tolerance but also improves yield potential and thus WUE. 
Averaged across all perennial ryegrass treatments, an increase in rooting depth from 250 to 350 mm 
increased median WUE by 0.5 kg DM/ha/mm. This was the result of a 2.3% increase in DM yield and a 
2.5% reduction in irrigation applied. The increase in rooting depth also caused a 0.9% increase in total 
annual water use but this was less than the percentage increase in DM yield, so overall WUE calculated 
as yield per mm water used also increased. The mechanism by which root depth impacted WUE was 
through its effect on water uptake and drainage. Increasing root depth provided root access to water 
in soil layers that would have otherwise drained from the system. This increased uptake and the 
increased use of water did not decrease WUE because it was more than compensated for by increased 
DM yield as a result of reducing water limitation to growth. Although these results are from ryegrass 
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trials, the principles of water use remain the same for lucerne and potentially lupin as the same 
physiological and biochemical processes would be carried out. 
Field research has found that deeper roots do not necessarily result in greater WUE (Brown et al. 
2005b). Lucerne, characterised by a deep root system, was not found to be any more WUE than chicory 
(Cichorium intybus) or red clover (Trifolium pratense) which extracted water to a maximum depth of 
1.9 m. Lucerne extracted at least 50 mm per annum of water between 1.9 and 2.3 m depth (maximum 
depth measured). At 2.2-2.3 m depth lucerne extracted 18 mm of water (Figure 2.2) suggesting a 
further 60 mm of water was extracted to a depth of 2.7 m. This gave a total water extraction of 420 
mm, of which 220 mm was below 1 m depth, compared with 330 mm for chicory and red clover. 
Comparisons of WU showed no difference in WUE (Figure 2.3) but revealed 30-50% greater dryland 
production (Figure 2.4) from lucerne was due solely to greater soil water extraction (Figure 2.2). Mean 
daily water extraction (from 0-2.3 m depth) of lucerne, red clover, and chicory increased from zero in 
July to a peak of 2.3 mm/day in December and decreased to 2 mm/day in January (Figure 2.5). Daily 
water extraction continued to decline from February to 0.25 mm/day in May. Estimated water 
extraction of lucerne during this period was 0.5-1.5 mm/day greater than red clover and chicory. 
 
Figure 2.2: Water extraction from 100 mm soil layers for dryland chicory (), lucerne ( ), and red clover () 
during the 1997/98 season at Lincoln University, Canterbury. Σ values give total water extraction from 
0.2 to 2.3 m depth. Bar represents one standard error of the mean for comparison of species within 
and between different depths. The standard error of the mean for comparing water extraction sums 
was 10.3 (Brown et al. 2005b). 
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 Figure 2.3: Cumulative dry matter yield in relation to vapour pressure deficit adjusted cumulative water use 
(WU’) for dryland chicory (), lucerne ( ), and red clover () grown from 13 October 1997 to 29 
May 1998 at Lincoln University, Canterbury.  shows lucerne with an additional 30 mm/kPa added 
to each of regrowth cycles 4 and 5 (60 mm/kPa total). Bars represent one standard error either side 
of data points. Numbers show the regrowth cycle for the overlying values. Linear regression (---) y = 
1580(270.6) + 29.4(0.93)x, R2 = 0.99, is fitted to all data points except lucerne from regrowth cycles 
4-6. Bracketed values represent standard errors of coefficients (Brown et al. 2005b). 
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Figure 2.4: Annual dry matter yields of dryland chicory ( ), lucerne ( ), and red clover ( ) species 
grown on a Wakanui silt loam at Lincoln University, Canterbury. Swards were sown 1 November 1996. 
Bars represent one standard error of the mean for comparison of species means for total production 
(Brown et al. 2005b). 
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 Figure 2.5: Monthly means of daily soil water extraction for chicory (), lucerne ( ), and red clover () to 2.3 
m depth and lucerne including estimated water extraction below 2.3 m depth ( ) at Lincoln 
University, Canterbury. Bar represents one standard error of the mean for comparison of species 
within and between different months (Brown et al. 2005b). 
The yield advantage of dryland lucerne was due to higher growth rates during September (non-limiting 
soil moisture) and during periods of high soil water deficit in summer (Figure 2.6). The summer growth 
rate of lucerne was about 80 kg DM/ha/day which is higher than the 15-30 kg DM/ha/day expected 
from dryland ryegrass-white clover pastures during summer in Canterbury on the same soil (Wakanui 
silt loam) (Hayman & McBride 1984). However, on soils with a low water holding capacity, less water 
extraction is possible so WU and herbage production will be less. Hayman and McBride (1984) showed 
lucerne grown on a deep silt loam produced 6 t DM/ha per year more than lucerne grown on a stony 
soil. However, even on soils of low water holding capacity the greater depth of root penetration may 
provide water for 1 or 2 weeks more growth than ryegrass-white clover pastures (Douglas 1986). 
Furthermore, the soil water storage capacity can affect WUE. Dryland lucerne grown on a Wakanui silt 
loam soil had an annual WUE of 40 kg DM/ha/mm (Brown unpublished). This resulted from the 
extraction of 328 mm of water to a depth of at least 2.3 m (Figure 2.7). When grown on a very stony 
Lismore soil (low water storage capacity), lucerne still extracted water to at least 2.3 m but only 131 
mm of stored water was extracted consequently resulting in an annual WUE of 16 kg DM/ha/mm. 
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 Figure 2.6: Mean monthly linear growth rates of irrigated (closed) and dryland (open) chicory (), lucerne 
(), and red clover () swards grown on a Wakanui silt loam at Lincoln University, Canterbury. 
Bars show one standard error of the mean for comparison of species means within and between 
irrigation treatments for months where linear growth rates were different (P <0.05). Regrowth cycles 
where sown species contributed <60% of total dry matter yield are excluded from means (Brown et 
al. 2005b). 
 
Figure 2.7: Water extraction (mm) from each 0.1 m soil layer from 0-2.3 m depth for lucerne on a deep Wakanui 
silt loam () at Lincoln University, Canterbury or a Lismore very stony loam () at Ashley Dene, 
Canterbury (Brown, unpublished). 
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WUE differs among species particularly during spring (September-November) when the seasonal WUE 
of all species is highest due to favourable atmospheric conditions and readily available soil moisture. 
Although Brown et al. (2005b) found that deeper roots do not necessarily result in greater WUE, Moot 
et al. (2008) showed that lucerne had a greater spring WUE of 24 kg DM/ha/mm compared with 
ryegrass-white clover (20 kg DM/ha/mm) and ryegrass (13 kg DM/ha/mm) pastures (Figure 2.8). This 
was attributed to a higher herbage N content in legumes, compared with grasses, which maximises 
photosynthetic efficiency per unit leaf area (Peri et al. 2002b) and ensures higher rates of 
photosynthesis are obtained per unit of water used leading to higher DM production. Pasture 
production during spring is important for farmers who are looking to capitalise on peak milk production 
and increase liveweight of animals for market. 
 
Figure 2.8: Spring dry matter yield (t/ha) and water use (mm) for lucerne (water use efficiency (WUE) = 24 kg 
DM/ha/mm), perennial ryegrass/white clover (RG/Wc, WUE = 20 kg DM/ha/mm), and perennial 
ryegrass (RG, WUE = 13 kg DM/ha/mm) pastures on a Templeton silt loam soil at Lincoln, Canterbury 
between 29/09-09/12/1993 (Moot et al. 2008). 
The drought tolerance and response of lupin to soil moisture has not been quantified in any detail. But 
there is plenty of evidence which confirms that lupin grow successfully in rocky, sandy, or other loose-
textured soils of low to moderate fertility; lupin is commonly found growing along riverbeds in the 
South Island high country where competition from other species is low (Scott 1989). In these 
conditions, lupin is likely to become the dominant species. Lupin is noted for its deep tap-root (Plate 
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2.1) and reasonable resistance to dry, acidic soil conditions. A nine year trial examined the persistence 
of lucerne, birdsfoot trefoil (Lotus corniculatus), and lupin over-drilled with and without companion 
grasses at a site representative of the dry, acidic outwash soils common in the southern Mackenzie 
Basin (Woodman et al. 1996). Plant population, seedling regeneration, and stand recruitment were 
examined over three consecutive years under grazing by sheep and cattle. The results indicated that 
lupin was the best adapted legume species and therefore one of the best species available for the 
future development of sustainable pastoral systems in drought-prone outwash landscapes in the 
Mackenzie Basin. However, Scott (1989) concluded that lupin was not suitable for areas with less than 
500 mm annual rainfall. It was also concluded that lupin prefer to grow on loose textured soils in areas 
with high drainage or moderate to high levels of rainfall (>500 mm/year). Information regarding the 
depth of root penetration and water use efficiency of Russell lupin is limited and further work on its 
drought tolerance is required. 
 
Plate 2.1: An entire Russell lupin plant taken from a 9-year-old pasture at Sawdon Station on 21 May 2012 (Ryan-
Salter et al. 2012). 
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2.3 Nitrogen use 
N deficiency in soils is the main limitation to plant production, and thus farm production, worldwide 
(Lambert et al. 1982). Of all essential nutrients, N is required by plants in the largest quantity (1-6% in 
plant tissue) (White & Hodgson 1999). N is essential in many plant cell components throughout its life 
cycle including deoxyribonucleic acid (DNA), ribonucleic acid (RNA), protein, enzymes, chlorophyll, 
adenosine triphosphate (ATP), auxin, and cytokinins. Therefore N deficiency rapidly inhibits plant 
growth. If such a deficiency persists, most species show chlorosis (yellowing of the leaves), especially 
in the older leaves near the base of the plant (Taiz & Zeiger 2010). Plants that are unable to synthesis 
N, such as cocksfoot, rely either on legume N fixation, the application of N fertiliser, or N from urine 
and dung as a source of N. Rhizobial symbiosis induces root nodules on legume plants and provides 
these plants with fixed N, enabling them to grow in N limited soils. Successful symbiosis between 
bacteria and legumes is not sustained unless the effects of environmental stresses are moderated. The 
majority of agricultural land experiences one or more environmental stresses. Therefore, stress-
tolerant and effective fixing legumes-rhizobia symbiosis will be the only productive system on these 
lands. One such stress is soil pH. As discussed previously, hill and high country properties are 
characterised by low soil pH and possibly high Al content as well as low available phosphorus and 
sulphur (Moir & Moot 2010). Therefore, efficient uptake of nutrients from soil by roots is also a critical 
issue for plants given that in many environments nutrients have poor availability and may be deficient 
for growth. 
Symbiotic N fixation is an energy-demanding process thus legumes obtain less of their N-requirement 
from the atmosphere if an adequate supply is available from the soil. The process of biological N 
fixation, together with the subsequent assimilation of ammonia (NH3) into an amino acid, consumes 
the equivalent of about 10 ATPs per amide N (Taiz & Zeiger 2010). Factors that will enhance the soil 
mineral-N supply (e.g. fertiliser application and urine patches) will therefore reduce the quantity of 
fixed atmospheric dinitrogen (N2) (Wood & Cooper 1985). Small supplements of combined N, such as 
nitrate (NO3-), ammonium (NH4+), and urea, added at sowing may benefit symbiosis by increasing 
seedling growth rate and the number, size, and efficiency of the resulting nodules. High levels of 
mineral N not only inhibit nodule formation by reducing the number of infective sites and/or the 
number of successful infections on the primary roots but also nodule growth and functionality 
(McLaren & Cameron 1996; Whitehead et al. 1995; Zahran 1999). Allos and Bartholomew (1959) 
observed roots of five different legume species; soybeans (Glycine max), lucerne, sweet clover 
(Melilotus officinalis), white clover, and birdsfoot trefoil. Results indicated that increasing inorganic N 
rates, applied at regular weekly intervals, reduced numbers and size of nodules when the quantity of 
N exceeded that required for maximum growth. 
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N is the main nutrient limiting pasture growth in NZ farming operations. The practical solution that has 
been adopted by farmers is to apply synthetic fertilisers to increase soil fertility in addition to meeting 
projected feed deficits. The main form of N fertiliser applied to pastures is urea (46-0-0-0). Urea 
provides farmers with an affordable product that can indirectly increase farm returns. Fertiliser should 
be applied in early spring (particularly for dryland systems) as temperatures increase prior to water 
stress and in late summer/early autumn when rainfall alleviates drought conditions but before 
temperature becomes the main constraint to pasture production in winter (Mills et al. 2009). In 
experiments, researchers can add 15N to urea and other forms of N fertiliser to accurately trace the 
movement of N in soil-plant systems. There are six known isotopes of N but only those with mass 
numbers 14 and 15 are stable and naturally occurring. The tracer methods allow positive identification 
of N entering, being transformed within, or leaving the system that is under study permitting plant 
uptake and N2 fixation to be determined (Hauck & Bremner 1976). However, 15N is expensive to 
purchase and is therefore not used extensively in field experiments particularly as research budgets 
determine the size of the experiment. 
N fertiliser use efficiency is generally below 50% resulting in economic losses and creating ecological 
issues such as pollution (Witte 2011). NO3- (mineral N) is easily leached from soil profiles leading to 
harmful aqueous environmental effects such as eutrophication. As NO3- is a negatively charged ion 
(anion) additional loss of positively charged ions (cations) such as potassium (K+), magnesium (Mg2+), 
and calcium (Ca2+) occurs with leaching, depleting soil fertility. Knowledge of legumes interaction with 
N fertiliser and urine is important to determine the economic and environmental impact of pastoral 
agricultural systems in NZ. As consumer’s demand a more ‘environmentally friendly’ and ‘sustainably 
produced’ product and regional nutrient leaching laws are introduced current farming practices must 
be adapted to meet new requirements. 
Application of inorganic N results in a shift in the proportion of N derived from atmospheric N and 
fertiliser N. Increasing amounts of N fertiliser or urine N increases the amount of N uptake by the 
legume. Furthermore, when applied N exceeds that necessary for a growth increase, uptake of 
available N partly replaces N2 fixation. Allos and Bartholomew (1959) found that as N increments 
increased, percent of total fixation decreased in all legume varieties (soybeans, lucerne, sweet clover, 
white clover, and birdsfoot trefoil). Inorganic N was applied from rates between 0 mg and 800 mg per 
3.79 L pot for each legume species. When no N was applied to lucerne, 100% of N was derived from 
N2 fixation. When 800 mg N/pot was applied, lucerne had a total N uptake of 951 mg where 22% was 
sourced through N2 fixation and 78% from soil N (Table 2.1). This suggests legumes use N which is 
available in the soil and that fixation occurs only when N supply is inadequate. In general, about 85% 
of the applied N was recovered in the legumes, indicating some losses from the system. Although these 
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varieties were grown in a controlled environment (glasshouse) individually in the United States the 
principles presented could be applied to a NZ system. 
Table 2.1: Nitrogen fixation in relation to level of available inorganic nitrogen and total plant growth in lucerne 
(Allos & Bartholomew 1959). 
N Applied Per 
Pot (mg) 
Total Weight 
Per Pot (g) 
Total N 
Uptake Per 
Pot (mg) 
N From 
Fertiliser (mg) 
N Fixed From 
Air* (mg) 
% of Total 
Fixation 
0 15.2 513 0 496 100 
80 19.2 615 73 525 85 
320 19.9 631 285 329 52 
560 24.4 771 472 282 37 
800 32.4 951 725 209 22 
  *Corrected for the nitrogen supplied by the gravel and seeds.  
N application has been found to increase lucerne yield over a season from 12.3 to 13.3 t DM/ha when 
approximately 112 kg N/ha (as ammonium nitrate) was applied after each cutting (Hoglund et al. 
1974). Plots received 112 kg N/ha initially followed by further applications after each cut at the rates 
of 112, 84, and 56 kg N/ha for when lucerne was cut at immediate pre-bud, when 50% of the stems 
had visible floral buds, and at first flower, respectively. From March onwards each plot received 112 
kg N/ha after each cut. Cuts were taken between early November 1968 and early march 1969. Yield 
response to N at each cut was not found to be significant until January 1969 when DM yield responses 
of 15% to N fertiliser in all defoliation managements were obtained at the March harvest. During this 
time yield reached a maximum of 6 kg DM/kg N applied. It was stated that maximum DM responses to 
N fertiliser may have occurred when the available carbohydrate status of the lucerne was high. 
Maximum N response also corresponded to the period of fastest growth rates when the N requirement 
of lucerne was highest (Figure 2.9) and thus at a time when growth was likely to be limited by N fixation. 
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 Figure 2.9: Total herbage nitrogen yield from irrigated lucerne as (A) cumulative yield and (B) seasonal changes 
in nitrogen accumulation rate from November 1968 to January 1970 at Lincoln University, Canterbury 
(Hoglund et al. 1974). 
Large amounts of N can be returned to pasture via urine and dung patches (Table 2.2) (White & 
Hodgson 1999). Of the nutrients ingested by livestock, around 65-90% is excreted as urine and dung. 
The proportion of land affected by excreta depends on the stocking rate, but commonly 4-10% of the 
pastures surface might be covered by urine patches and faeces following a single grazing by cattle or 
a mob of sheep (Jarvis et al. 1995). Urine increases the ion content in soil solution which is then 
available for plant uptake. Approximately 70% of N in urine is urea which when applied to soil is rapidly 
hydrolysed to NH4+ due to the characteristically high microbial biomass in pasture rhizospheres 
(Haynes & Williams 1993). The relative size and nutrient composition of urine patches vary with 
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livestock type, diet, and environment. The potential for leaching losses is greatest with cattle 
compared with sheep as volume, area covered, and the depth to which urine penetrates is greater. On 
average, each sheep urination is 0.10-0.20 L at a frequency of 18-20 times per day whereas cattle 
urinate 10-12 times per day at a higher volume (1.6-2.2 L per urination) (Haynes & Williams 1993). 
Sheep urinate over a 0.04-0.06 m2 area to a depth of 150 mm whereas cattle urinate over a 0.38-0.42 
m2 area to a depth of 400 mm (Haynes & Williams 1993; Williams & Haynes 1994). Under intensive 
dairy farming (three cows/ha) urine can affect about 40% of the grazed area annually (Ledgard et al. 
1982). 
Table 2.2: Nitrogen content (kg N/ha) in typical sheep and cattle urine and dung patches (White & Hodgson 
1999). 
 Sheep Cattle 
 Urine Dung Urine Dung 
N 500 130 1000 1040 
 
Variation in seasonal crop and pasture N2 fixation is closely related to DM production. Total N 
accumulation of legumes increases linearly with DM production with typical N concentrations ranging 
from 2-5% depending on species and plant age. The ability of legumes to maintain N content over a 
wide range of DM accumulation is principally a function of their ability to acquire N via association with 
symbiotic N2 fixing bacteria, enabling N2 fixing legumes to be independent of soil mineral N under 
conditions of low available N. Under these circumstances it would therefore be expected that a close 
relationship between DM production and N2 fixation would form. This was demonstrated by Unkovich 
et al. (2010) where soil mineral N initially supplying the N requirement for legume growth and %Ndfa 
(N derived from atmosphere) being zero at the beginning of the growing season, then as this soil 
mineral N is exhausted, N2 fixation increases until it provides for all marginal N accumulation, and from 
this point the crop DM and N2 fixed lines run parallel (Figure 2.10 a & b).  Figure 2.10 b provides the 
basis for the strong relationship observed between legume shoot DM and N2 fixed. Were soil mineral 
N to be supplied in greater quantity or through greater mineralisation over time (Figure 2.10 c), the 
lines for N2 fixed and crop DM may be less parallel (Figure 2.10 d). 
 15 
 Figure 2.10: Relationships between legume growth, soil mineral nitrogen (N) uptake (exhaustion) and percent N 
derived from the atmosphere (%Ndfa). For scenario A legume total N is set to 2.8% of shoot dry matter 
and legume N demand is satisfied first from soil mineral N and then by N fixation. Initial soil mineral 
N is set to 75 kg/ha with no more than 80% of the mineral N being utilised by the legume at any one 
time. Graph B shows cumulative N2 fixation for scenario A. Scenario C differs from A in initial mineral 
N being set to 100 kg N/ha and additional N is mineralised at a rate of 1 kg N/ha/day from the 
commencement of the rapid phase of growth. Graph D shows cumulative N2 fixation for scenario C 
(Unkovich et al. 2010). 
Whereas some pastures exist as pure legume swards, most contain mixtures of legumes, grasses, and 
broadleaf species. Competition between these species results in low concentrations of available soil N 
for much of the growing season. As a consequence, legume reliance on N2 fixation for growth (%Ndfa) 
tends to be high (70-90%) for annual temperate legumes and most tropical species (Mosier et al. 2013). 
Perennial plants such as lucerne have a greater capacity to take up soil mineral N than annual plants 
and the %Ndfa is often lower than that observed for annual legumes. Table 2.3 suggests that potential 
inputs of several hundred kilograms of fixed N per year for most temperate and tropical legume 
species, with reported peak rates of N2 fixation greater than 3 kg N/ha/d. Many temperate and tropical 
forage legumes fix between 20 and 25 kg shoot N with each tonne of legume foliage DM accumulated. 
White clover seems to be an exception to this generalisation because it often fixes around 40 kg of 
 16 
shoot N per tonne DM as a result of the high N concentrations (4.5-6%) in its foliage. Differences in 
annual inputs of fixed N can also depend on whether the pastures is based on annual or perennial 
legumes. Because perennials can grow and fix N under conditions unsuitable for either the 
establishment or growth of annual legumes, there is more consistent production of legume biomass 
and N2 fixation compared with the extreme year-to-year variations observed in most annual pastures. 
Table 2.3: Estimates of the proportion (percent nitrogen derived from the atmosphere; %Ndfa) and annual 
amounts of shoot nitrogen fixed by a selection of important temperate pasture legume species 
(Mosier et al. 2013). 
 Shoot N fixed 
 %Ndfa Kg N/ha/yr 
Species 
Country or region 
Range measured Common range Range measured Common range 
Annual legumes     
Sub-clover     
     Australia 50-100 75-90 2-238 50-110 
Annual medics     
     Australia 48-99 70-85 2-220 70-100 
     North America 72-86 80-83 101-205 125-140 
Perennial legumes     
Lucerne     
     Australia 25-93 65-75 4-284 80-140 
     North America 33-78 60-70 106-308 160-260 
     Europe 70-88 70-80 93-319 100-250 
White Clover     
     Australia 58-94 65-85 11-236 40-125 
     New Zealand 45-76 55-70 65-291 80-180 
     Europe 79-94 80-90 15-283 100-220 
 
The duration of the effect of N in cocksfoot pastures on DM production is related to soil moisture. 
During winter, N response was estimated to be around 133 days which declined to 105 days in spring 
and further decreased to 77 days in summer (Peri et al. 2002a). Mills et al. (2006) found that dryland 
pastures which received N fertiliser still showed N deficiency during summer months. This was 
represented by a decrease in relative yield down to 0.1 when soil moisture deficit was 130 mm (Figure 
2.11). During periods when the top soil is dry, nitrate and ammonium from added N is largely 
unavailable to plants (Peri et al. 2002a). Movement of ions from fertiliser or urine patches is restricted 
due to a moisture deficit in the topsoil although there may be available water deeper in the soil profile. 
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 Figure 2.11: Decrease in relative yield of nitrogen applied dryland () relative to nitrogen applied irrigated 
pasture () for ‘Wana’ cocksfoot pasture at Lincoln University, Canterbury during periods when 
actual soil moisture deficit was increasing (Mills et al. 2006). 
Lupin response to N inputs from urine or fertiliser have not been quantified in any detail. As with WU, 
there is evidence which confirms that lupin grow successfully in rocky, sandy, or other loose-textured 
soils of low to moderate fertility; lupin is commonly found growing along riverbeds in the South Island 
high country where competition from other species is low (Scott 1989). In these conditions, lupin is 
likely to become the dominant species. Further research is required to determine lupin responses to 
N inputs. 
2.4 Conclusion 
• Water use and yield of lucerne is increased with rooting depth but does not necessarily result 
in an increase in WUE. 
• As applied N rates increase, uptake of soil mineral N by lucerne increases and lowers N2 fixation 
rates.  
• When N supply exceeds that required for growth, N2 fixation ceases reducing size and number 
of root nodules suggesting lucerne will only fix N2 when soil N supply is inadequate. 
• WUE and N uptake of perennial lupin has not been previously quantified and requires further 
research. 
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3 Materials and methods 
The research described in this dissertation made use of established stands of lucerne and perennial 
lupin at two agricultural sites: Lincoln University and Sawdon Station, Tekapo. 
3.1 Lincoln University (Lincoln) 
3.1.1 Experimental site 
One experimental site was located at the Horticultural Research Area (Block H12), Lincoln University 
in Canterbury (43o38’54” S 172o27’24” E and 10 m above sea level). The soil was a Templeton silt loam 
(NZ classification: Typic Immature Pallic Soil) formed from >45 cm of fine-textured post-glacial alluvium 
(Cox 1978).  
A perennial ryegrass-white clover pasture (2 ha) grassland experiment was conducted during 2008-
2012. This was ploughed and sown into forage oats (Avena sativa) in March 2013 to reduce effects of 
pervious experiments. Oats were harvested for balage in October 2013 and transported from the area. 
Remaining stubble was ploughed into the soil and cultivated into a seedbed in November and irrigated 
in preparation for sowing in December 2013. 
3.1.2 Experimental design 
At Lincoln, the experiment was based on a split-plot design within the established stands. There were 
three replicate plots of a lucerne (‘Force 4’) monoculture and three replicates of a cocksfoot (‘Kara’)-
perennial lupin (‘Blue’ or ‘Russell’) mix in a randomised block design (main plots). Each plot was 0.26 
ha and rotationally stocked with Merino hoggets sourced from Sawdon Station in Tekapo using a five 
equal ‘break’ rotation within each plot. Two sites were selected in one lucerne and one cocksfoot-lupin 
plot, and one site in each of the other plots were selected to apply N treatments equating to four 
replicates per treatment. Each site was mown to a uniform height of 30-40 mm before applying N. The 
N treatments were seven rates of urea (0, 50, 100, 200, 400, 600, and 1000 kg N/ha) randomly assigned 
to 0.05 m2 (March application) or 0.2 m2 (July application) subplots within each of the mown sites. The 
sites were caged or fenced to exclude grazing and urine excretion by hoggets. 
3.1.3 Pasture establishment 
The area was sown in December 2013 using a Flexiseeder precision drill 2.1 m wide and fitted with 
coulters spaced 150 mm apart. Lupin was sown at a rate of 30 kg/ha with 10 kg/ha of cocksfoot. ‘Blue’ 
lupin was sown in an 8 x 80 m strip in the middle of the plot and ‘Russell’ lupin was sown in the rest of 
the plot. Lupin seed was scarified and inoculated with Group G (Bradyrhizobium spp) rhizobia inoculant 
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one day prior to sowing. This rhizobia is currently recommended for perennial ‘blue’ and ‘Russell’ lupin 
in NZ however recent research has indicated that inoculation may not have been necessary (Ryan-
Salter et al. 2014). Supplied lucerne seed was coated and inoculated with rhizobia and sown at a rate 
of 15 kg/ha. 
Soil test results from 14 March 2014 indicated a pH of 6.0 and Olsen P of 10 (Table 3.1). No fertiliser 
was applied at sowing. 
Table 3.1: Soil analysis of the experiment site (H12) at Lincoln University, Canterbury measured March 2014 (0-
7.5 cm depth). 
pH Olsen P 
(mg/L) 
Exch Ca 
(QTU)† 
Exch Mg 
(QTU)† 
Exch K 
(QTU)† 
Exch Na 
(QTU)† 
6.0 10 10 17 7 6 
† QTU = Quick Test Units 
Following sowing the plots were irrigated (ca. 60 mm) through January and February 2014 and 
individually fenced in March. Each plot was divided into five 18 x 29 m paddocks by four three-wire 
temporary electric fences across the plots. 
Lucerne was sprayed with ‘Spinnaker’ (active ingredient: 700 g/kg Imazethapyr) in July 2014 for control 
of broadleaf weeds and ‘Gallant’ (active ingredient: 520 g/l haloxyfop-P) a week later for control of 
annual grasses. 
3.1.4 Meteorological data 
The climate is maritime temperature and sub-humid, characterised by cool, moist winters, and warm, 
dry summers. Mean monthly air temperature and total monthly rainfall data were collected from 
Broadfields meteorological station, located approximately 2 km north of the experimental site (43o62’ 
S 172o47’ E). Monthly rainfall and temperature data for the experimental period are presented in 
Figure 3.1 and Figure 3.2, in addition to the long term (39 year) means for the period of 1975-2014 
which were recorded at the same location. The long-term average annual rainfall is 632 mm and long-
term average annual temperature is 11.4 oC. Temperature during the 2014/2015 growing season was 
consistent with previous measurements however rainfall was 229 mm lower than the 39 year average, 
with 403 mm recorded. Mean annual evapotranspiration has been measured as 1015.7 mm. 
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Figure 3.1: Monthly rainfall ( ) (mm) over experimental period (July 2014-September 2015) and 39-year 
average monthly rainfall (—) (mm) at Lincoln University, Canterbury. Data collected from Broadfields 
meteorological station located 2 km north of site. 
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Figure 3.2: Monthly temperature ( ) (oC) over experimental period (July 2014-September 2015) and 39-year 
average monthly temperature (—) (oC) at Lincoln University, Canterbury. Data collected from 
Broadfields meteorological station located 2 km north of site. 
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3.2 Sawdon Station (Tekapo) 
3.2.1 Experimental site 
The other experimental site was located at Sawdon Station, 6.3 km south of Tekapo in the Mackenzie 
Basin (44o03’49” S 170o29’47” E and 681 m above sea level). The lucerne and cocksfoot-lupin pastures 
were located on an alluvial flat on the south and northwest edge of Edward Stream, respectively (Plate 
3.1). The soil was classified as an Ashburton Fluvial Raw Soil with very shallow (≤20 cm) sandy loam 
properties. Mean annual rainfall of the area is estimated to be 600 mm. 
 
Plate 3.1: Location of the cocksfoot-lupin (a) and lucerne (b) pastures at Sawdon Station, Tekapo. 
3.2.2 Pasture establishment 
Details of pasture establishment and fertiliser history are limited. It was recorded that the cocksfoot-
lupin pasture was planted in October 2003 as a mix of Russell lupin (3 kg/ha), oats, ‘Huia’ white clover, 
Italian ryegrass, and some barley (Hordeum vulgare L.). The 10 ha paddock was fallowed over winter, 
sprayed with glyphosate, over-sown with the seed mix and 200 kg/ha of Cropzeal 20N fertiliser (19.2% 
N, 10% P, and 12% S), and then tilled using a ‘Maxi-till’. The cereals were harvested in autumn 2004 
and the paddock was sparsely grazed with Merino ewes over the following years. In 2010, the 
established lupin crop was harvested for seed (400 kg total) and in 2011 it was subdivided into five 
paddocks of similar size with a central holding pen (Plate 3.2).  
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Each year the pasture was dressed with 200-250 kg/ha of either superphosphate (9% P, 10.5% S) or 
superphosphate with elemental sulphur (100% S). In 2013 the pasture was fertilised with 200 kg/ha of 
a mix of 20% lime, 40% superphosphate, 40% elemental S and molybdenum. A soil test in 2011 
indicated Olsen P, pH, and sulphate sulphur (S) were optimum and soil Al was low (Table 3.2). 
Table 3.2: Soil analysis of Russell lupin pasture at Sawdon Station, Tekapo in 2011 (0-7.5 cm depth). 
pH Olsen P 
(mg/L) 
Sulphate 
S (mg/kg) 
Exch Ca 
(QTU)† 
Exch Mg 
(QTU)† 
Exch K 
(QTU)† 
Exch Na 
(QTU)† 
Exch Al 
(mg/kg) 
6.0 24 9 4 25 13 5 <0.5 
† QTU = Quick Test Units         
Detailed history of the lucerne paddock is further limited. In 1992 ‘Wairau’ lucerne was sown and 
grazed or cut for hay over the following 15 years. The area was then sown for one year into barley 
which was cut for feed grain and then sown into triticale (Triticosecale) and cut for silage. Following 
this, in 2009 ‘Wairau’ lucerne was sown again and has been grazed or cut for hay to the present day. 
Soil test results were not available but it was known that the area was S deficient. Last year (2014) 30% 
Potash Sulphur Super (5.6% P, 15% K, 14% S, 13.8% Ca) was applied following the first cut of lucerne 
for hay but no fertiliser was applied this year (2015). 
3.2.3 Experimental design 
In each paddock (Plate 3.2 and Plate 3.3) an area of about 30 m2 was mown to a uniform height and 
fenced to exclude grazing sheep. Lucerne was mown to a 30-40 mm height whereas the lupin plants 
were mown to 100-150 mm to avoid damage to growing points. Seven rates of urea (0, 50, 100, 200, 
400, 600, and 1000 kg N/ha) were then applied to 1 m2 plots as a randomised block design within four 
replicates in March. Quadrat size was increased to 1 m2 (from 0.05-0.2 m2) at this site to account for 
the increased size of lupin plants. 
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3.3 Applied nitrogen measurements 
3.3.1 Herbage mass 
DM cuts at Lincoln University were taken in May, July, and September and at Sawdon Station cuts were 
taken in May and October. Quadrat size of DM cuts was dependent on site but were all cut to a uniform 
height of 30-40 mm. At Lincoln University, March applied N plots were cut using the original area (0.05 
m2) whereas July applied plots were cut using a 0.1 m2 quadrat placed in the centre of the original 0.2 
m2 area. At Sawdon Station, a representative area in each lucerne plot of 0.1 m2 was cut within the 
original 1 m2 plot while lupin was cut on a per plant basis. In the lupin plots, a 0.05 m2 grass sample 
was taken within the original 1 m2 area during the first harvest for analysis of N uptake but was 
excluded due to a high presence of non-target species. 
Fresh weight of each component (legume, grass, weeds, and dead) of each sample was determined 
before being dried in a forced air oven at 60 oC for a minimum of 48 hours. Dried samples were then 
weighed, allowing mass and DM content to be calculated. 
3.3.2 Nutritive value analysis 
Lucerne, lupin, and cocksfoot component replicates of each N rate were bulked and milled (Cyclone 
mill with a 1 mm sieve) for nutritive value analysis at the Riddolls Analytical Laboratory at Lincoln 
University. Each sample was scanned by near infrared reflectance spectroscopy (NIRS) to determine 
the N% calculated as crude protein/6.25. Autumn and winter harvested lupin were excluded from 
analysis due to the small sample sizes (< 3 g) being unable to be scanned by the equipment. 
3.3.3 Nitrogen returned to pasture 
N returned to pasture was calculated through multiplying average stocking rate by average DM intake 
and then multiplying by herbage N%. This gave N ingested per hectare which was then multiplied by 
days spent grazing per season and in total to determine N returned to pasture. N returned via urine 
was calculated as 78% of N consumed (White & Hodgson 1999). 
Stocking rate (Table 3.3) was calculated to ensure hoggets were allocated the same quantity of feed 
per day in the ‘break’ currently being grazed. This was achieved by taking pre-grazing DM cuts to 
determine the quantity of feed available for hoggets in each crop. Daily intake was calculated by 
subtracting post-grazing mass (determined through DM cuts once hoggets had been removed) from 
pre-grazing mass (used to determine stocking rate) divided by the number of animals grazing the 
‘break’ and divided by the number of days spent in the ‘break’. Herbage N% used was the average of 
those measured by NIRS (Section 3.3.2). 
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Table 3.3: Seasonal and annual stocking rate (head/ha) and daily feed intake (kg DM/head/day) of Coopworth 
hoggets grazing lucerne or cocksfoot-lupin pastures during the 2014/2015 growth season at Lincoln 
University, Canterbury. 
 Stocking rate (head/ha) Intake (kg DM/head/day) 
Season Lucerne Cocksfoot-lupin Lucerne Cocksfoot-lupin 
Early spring  
(5 Aug-15 Sep 2014) - 15.4 - 1.61 
Spring  
(15 Sep-28 Nov 2014) 29.5 20.1 2.36 1.61 
Summer 
(28 Nov-16 Feb 2015) 19.6 17.0 2.21 1.41 
Autumn  
(16 Feb-28 May 2015) 11.7 9.12 0.9 0.79 
Year 1  
(5 Aug-28 May 2015) - 15.1 - 1.27 
Year 1  
(15 Sep-28 May 2015) 19.1 - 1.82 - 
 
3.4 Water use efficiency (Lincoln University, Lincoln) 
Neutron probe access tubes were installed in ‘break 2’ of each of the plots. An auger was used to drill 
through the soil profile to allow the access tube to be pushed into position. Tubes were installed 
following sowing in December 2013. Following the installation of all access tubes, the volumetric soil 
water content was determined starting on 20 August and then each day sheep were shifted, using a 
Time Domain Reflectometer (0-0.2 m depth) and a Neutron Probe (0.2-2.3 m depth every 10 cm). The 
amount of water used since the previous measurement, including during grazing, was calculated as 
rainfall minus the change in soil moisture content. The neutron probe was calibrated for a Templeton 
silt loam soil to account for soil properties. 
Herbage mass was measured in each break every 2 weeks in winter (1 July to 5 August) and then each 
day the sheep were shifted with 20 random readings per paddock, using a calibrated sward stick. 
Random 0.5 m2 quadrat cuts for each pre- and post-grazing break cut to 1 cm above ground level were 
also taken for calibration of the sward stick. Samples were weighed for fresh weight and again after 
drying at 60 oC in a forced-draft oven for 24-48 hours to determine mass and DM content. Herbage 
yield was the change in herbage mass since the previous measurement. Breaks that were grazed during 
this interval were excluded from the yield calculation. 
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The WU of each pasture was summed for the 2014/2015 growing season (20 August 2014 to 2 July 
2015). WUE was calculated by dividing the accumulated pre-grazing DM (kg DM/ha) for each pasture, 
during the same time period, by the water used (mm).  
3.5 Statistical analysis 
All analysis was conducted with Genstat 16 Ed. statistical software (VSN International, 2015). The 
experiment was analysed for significant (P ≤0.05) effects on the variables from lucerne and cocksfoot-
lupin pastures using the general analysis of variance model. The mean values were normally presented 
with their standard errors. 
Genstat was utilised because it was able to account for missing values which were experienced at the 
March N applied plots when sheep moved one of the cages and destroyed three N rates of one 
replicate. 
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4 Results 
4.1 Water use 
Accumulated yield for the period of 15 July 2014 to 12 June 2015 (333 days) was greater (P <0.05) for 
lucerne of 9,997 kg DM/ha than 6,897 kg DM/ha for cocksfoot-lupin pastures (Figure 4.1). This equated 
to approximately 9.3 kg DM/ha/day more growth of lucerne than cocksfoot-lupin pastures over the 
entire season. At the beginning of the growth season lucerne and cocksfoot-lupin had similar yields of 
97 and 102 kg DM/ha, respectively. From mid-September, growth of both pastures noticeably began 
to increase. During this time, lucerne growth was consistently greater than cocksfoot-lupin pastures 
and stayed so for the remainder of the season. At about mid-November, cocksfoot-lupin pasture 
growth slowed while lucerne growth slowed approximately 2 months later. 
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Figure 4.1: Accumulated yield (kg DM/ha) of lucerne () and cocksfoot-lupin () pastures during the 2014-2015 
growing season at Lincoln University, Canterbury. Error bars represent standard error of the mean. 
Accumulated WU from 20 August 2014 to 2 July 2015 (317 days) was similar (P >0.05) for lucerne and 
cocksfoot-lupin pastures of 525.7 mm and 472.8 mm, respectively (Figure 4.2). Pastures had a similar 
WU from the start of the season until the beginning of December accumulating a WU of 225 mm during 
that period. Over the summer period (Dec-Feb) lucerne had a water use of 214 mm whilst cocksfoot-
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lupin pasture had a water use of 152 mm, a 63 mm difference. In April, accumulated water use of both 
pastures was static and then declined in June and July. 
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Figure 4.2: Accumulated water use (mm) of lucerne () and cocksfoot-lupin () pastures during the 2014-2015 
growing season at Lincoln University, Canterbury. Error bars represent standard error of the mean. 
From yield and water use data, it was calculated that the 2014/2015 season WUE of lucerne was 19.0 
kg DM/ha/mm which was greater (P <0.05) that the cocksfoot-lupin pasture WUE of 14.6 kg 
DM/ha/mm. WUE in spring for lucerne was 22.6 kg DM/ha/mm and 16.2 kg DM/ha/mm for cocksfoot-
lupin pasture. 
Soil moisture content to 2 m depth at the beginning of the season was about 25.7% for both pastures 
(Figure 4.3). This declined to 15.4% and 18.2% at the end of the season for lucerne and cocksfoot-lupin, 
respectively. Soil moisture content decreased to as low as 14.4% for cocksfoot-lupin and 11.0% for 
lucerne which occurred on 8 April 2015. 
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Figure 4.3: Monthly soil moisture content to 2 m depth of lucerne () and cocksfoot-lupin () pastures during 
the 2014-2015 growing season at Lincoln University, Canterbury. Error bars represent standard error 
of the mean. 
Figure 4.4 shows the soil water content for lucerne and cocksfoot-lupin pastures. The date when soil 
water content was lowest was measured on 8 April 2015 and greatest was measured on 20 August 
2014 for both pastures. As the soil was not fully saturated and subsequent water holding capacity 
measured, the water content measured on 20 August 2014 was used to determine available plant 
water for extraction. Soil water content measured on 31 Aug 2015 shows that soil water was not 
completely replenished following winter. Soil water was only replenished to a depth between 0.6 and 
1.0 m during this period. Figure 4.4 also shows that lucerne plants were extracting water from a depth 
of up to 2.0 m and cocksfoot-lupin plants to a depth of up to 1.7 m. 
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Figure 4.4: Water content (mm) at various soil depths (cm) of (a) lucerne and (b) cocksfoot-lupin pastures on 20 
August 2014 (), 8 April 2015 (), and 31 August 2015 () at Lincoln University, Canterbury. 
4.2 Nitrogen use 
Yield of lucerne and cocksfoot-lupin pastures at Lincoln University was not affected (P >0.05) by March 
applied N (Figure 4.5). Overall yield of lucerne ranged from 2,489 kg DM/ha for the control (0 kg N/ha) 
up to 4,865 kg DM/ha when 600 kg N/ha was applied. Overall yield of cocksfoot-lupin pasture ranged 
from 1,938 kg DM/ha when 50 kg N/ha was applied up to 3,792 kg DM/ha when 400 kg N/ha was 
applied. Lucerne had a greater overall yield at each N rate averaging 290 kg DM/ha more biomass 
except when 400 kg N/ha was applied where cocksfoot-lupin yielded 79 kg DM/ha more biomass. 
Lucerne and cocksfoot-lupin had similar autumn and winter harvest yields (430-1,100 kg DM/ha) but 
lucerne had a greater spring harvest therefore contributing to a greater overall yield. In lucerne plots, 
the July harvest yielded the least DM followed by May and then September cuts. Cocksfoot-lupin 
harvests were more variable but generally followed the same trend.  
Yield of cocksfoot-lupin pastures increased (P <0.001) with applied N rate up to 600 kg N/ha before 
declining when N rate was increased to 1,000 kg N/ha (Figure 4.6). At 600 kg applied N/ha, yield was 
2,029 kg DM/ha which was 1,261 kg DM/ha more than the control. Lucerne yield was not affected by 
N rate applied in July (P >0.05). Yield ranged from 2,197 kg DM/ha at 0 kg N/ha up to 3,408 kg DM/ha 
when 200 kg N/ha was applied.  
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Figure 4.5: Yield (kg DM/ha) of (a) lucerne and (b) cocksfoot-lupin pastures from March applied nitrogen (kg 
N/ha) harvested in May (), July (), and September () 2015 and total yield () at Lincoln 
University, Canterbury. Error bars represent standard error of the mean. 
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Figure 4.6: Yield (kg DM/ha) of lucerne () and cocksfoot-lupin () pastures from July applied nitrogen (kg N/ha) 
harvested in September 2015 at Lincoln University, Canterbury. Errors bars over data points represent 
standard error of the mean. Right error bar represents the LSD (P <0.05) for comparison of means of 
N rate and cocksfoot-lupin pasture yield. 
 
 32 
Lucerne harvested in May at Sawdon Station was not affected by N rate (P >0.05) (Figure 4.7). Yield 
ranged between 360 and 603 kg DM/ha when 1,000 and 100 kg N/ha was applied, respectively. 
Lucerne yield harvested in October increased (P <0.001) from 2,000 kg DM/ha for the control up to 
2,900 kg DM/ha at 200 kg N/ha before declining to 1,800 kg DM/ha at 1,000 kg N/ha. 
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Figure 4.7: Yield (kg DM/ha) of lucerne pastures harvested in May () and October () 2015 from March applied 
nitrogen (kg N/ha) at Sawdon Station, Tekapo. Errors bars over data points represent standard error 
of the mean. Right error bar represents the LSD (P <0.05) for comparison of means of N rate and 
lucerne yield during the October harvest. 
Lupin made up a small (<10%) proportion of the cocksfoot-lupin pasture during May and July when N 
was applied in March and in September when N was applied in July (Figure 4.8). In March N applied 
plots, during the September harvest lupin percentage increased to an average of 48.1% (24.6-59.7% 
range). Cocksfoot dominated pasture content at all harvests averaging 80.5% overall. Dead material 
was greatest during winter (averaging 13.9%) but overall presence was minimal in plots averaging 
5.0%. 
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Figure 4.8: Lupin ( ), cocksfoot ( ), dead material ( ), and weed ( ) composition of cocksfoot-
lupin pastures in nitrogen applied plots during March and harvested in (a) May, (b) July, or (c) 
September or (d) nitrogen applied plots during July and harvested in September during 2015 at 
Lincoln University. 
Overall, lucerne N content ranged between 4.2 and 5.5% (Figure 4.9). Lucerne which received N in 
March differed little in N content during the May harvest (4.2-4.5%) and July harvest (5.0-5.5%) but 
increased from 4.3% (0 kg N/ha) to 5.2% (1,000 kg N/ha) for the September harvest. N content from N 
applied in July increased from 4.2% (0 kg N/ha) up to 5.1% (600 and 1,000 kg N/ha).  
N applied to cocksfoot in March and harvested in May increased from 3.3% (0 kg N/ha) up to 4.5% 
(1,000 kg N/ha) (Figure 4.10). When harvested in July and September reasonably constant N contents 
between 3.2% and 3.9% occurred. Cocksfoot N content noticeably increased with N rate when applied 
to pasture in July. N content increased from 3.1% (0 kg N/ha) to 5.5% (1,000 kg N/ha). 
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Figure 4.9: Nitrogen content (%) of lucerne plants from applied nitrogen (kg N/ha) during March and harvested 
in May ( ), July ( ), and September ( ), or during July and harvested in September  
( ) 2015 at Lincoln University, Canterbury. 
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Figure 4.10: Nitrogen content (%) of cocksfoot plants from applied nitrogen (kg N/ha) during March and 
harvested in May ( ), July ( ), and September ( ), or applied N during July and harvested 
in September ( ) 2015 at Lincoln University, Canterbury. 
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Analysis of lupin was limited due to low sample weights (< 3 g) or absence from plots. Samples which 
were analysed included lupin plants from March N applied plots where N content ranged from 3.7% to 
4.7% (Figure 4.11). The four N rates measured from July N applied plots ranged between 4.1% for 50 
kg N/ha up to 5.5% for 600 kg N/ha. 
N Rate (kg N/ha)
0 50 100 200 400 600 1000
N
 C
on
te
nt
 (%
)
0
1
2
3
4
5
6
 
Figure 4.11: Nitrogen content (%) of perennial lupin plants harvested in September from applied nitrogen (kg 
N/ha) in March ( ) or in July ( ) 2015 at Lincoln University, Canterbury. Note: lupin harvested 
in May and July from March applied nitrogen were not measured due to low sample weights of bulked 
replicates unable to be analysed by NIRS (< 3 g per sample) and absence of lupin in plots of July applied 
nitrogen. 
May harvested lucerne N content varied between 4.4% and 4.9% at Sawdon Station (Figure 4.12). 
When lucerne was harvested in October N content increased from 3.4% when 50 kg N/ha was applied 
up to 4.8% when 600 kg N/ha was applied. Lupin N content averaged 3.7% when harvested in May and 
4.8% when harvested in October. 
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Figure 4.12: Nitrogen content (%) of (a) lucerne and (b) lupin plants from March applied nitrogen (kg N/ha) 
harvested in May ( ) and October ( ) 2015 at Sawdon Station, Tekapo. 
Urine N return to lucerne pasture by grazing Coopworth hoggets was estimated to be 325 kg N/ha over 
the entire grazing season (256 days) when N was applied to plots in March or July (Table 4.1). Seasonal 
N return was greatest during spring where 190 kg N/ha was returned. In summer and autumn N return 
was 62 and 152 kg N/ha less than spring urine N return, respectively. Estimated urine N return to 
cocksfoot-lupin pasture over the grazing season (297 days) was 168 kg N/ha from plots applied with N 
in March and 197 kg N/ha from plots which received applied N in spring. As with lucerne, urine N return 
was greatest in spring averaging 121 kg N/ha. Summer urine N retuned an average of 62 kg N/ha while 
autumn returned an average of 23 kg N/ha. 
Table 4.1: Seasonal and annual estimated urinary nitrogen (kg N/ha) returned to lucerne and cocksfoot-lupin 
pastures by grazing Coopworth hoggets during the 2014-2015 growth season when N was applied to 
pastures in March or July at Lincoln University, Canterbury. Note: Average herbage N% of the seven 
N rates applied to each pasture was used to calculate urine N return. 
 March applied N July applied N 
Pasture Spring Summer Autumn Year 1 Spring Summer Autumn Year 1 
Lucerne 190 128 38.4 325 190 128 38.4 325 
Cocksfoot-lupin 110 57.1 21.2 168 131 67.7 25.1 199 
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5 Discussion 
The aim of this study was to quantify the WU and N uptake of lucerne and cocksfoot-lupin pastures. 
5.1 Water use 
The annual DM yield of lucerne was 9,997 kg DM/ha which was 3,100 kg DM/ha greater than cocksfoot-
lupin pasture (Figure 4.1). Lucerne and cocksfoot-lupin had similar WU values of 526 and 473 mm, 
respectively (Figure 4.2). The amount of water used by the pasture did not depend upon its yield and 
botanical composition. This is because the water use of pasture with complete ground cover is a 
function of water availability and atmospheric conditions rather than biological processes within the 
plant (Penman 1948). Therefore in a dryland environment, management strategies that can increase 
the productivity of pastures are also likely to utilise the supply of plant-available water more efficiently. 
Soil moisture content to a depth of 2 m at the beginning of the 2014/2015 season was 25.7% for both 
pastures which declined as the season progressed (Figure 4.3). Dryland pastoral environments rely on 
rainfall to replenish soil moisture. Rainfall for the season was 229 mm lower than the 39 year average 
of 632 mm (Figure 3.1). A rainfall deficit was particularly evident in summer (Dec-Feb) when only 49 
mm of rain fell compared with the 39 year average of 140 mm. A lack of rainfall this season meant soil 
moisture content decreased to as low as 14.4% for cocksfoot-lupin and 11.0% for lucerne which 
occurred on 8 April 2015. Maximum photosynthesis rates for cocksfoot pastures have been measured 
from 27-30% soil volumetric water content (Peri et al. 2002b). The soil water content of the soil 
measured in this experiment was below this range at all times during the season. This implies that 
pastures were water limited and not able to photosynthesise at maximum capacity. Below a value of 
27%, photosynthesis is reduced primarily by inducing stomatal closure associated with a reduction in 
evapotranspiration (Peri et al. 2002b). 
The yield of cocksfoot-lupin pastures noticeably declined around mid-November during which time soil 
moisture was 22.9%. Lucerne yield noticeably declined about two months after cocksfoot-lupin 
pastures when soil moisture was 14.1%. This suggests lucerne was able to take up more soil moisture 
(8.8%) which contributed to an improved yield during summer. Lucerne also had a deeper rooting 
depth and therefore ability to extract more water. Lucerne was able to extract water from a depth of 
2 m in the soil profile whereas the cocksfoot-lupin pastures were only extracting to a depth of around 
1.7 m (Figure 4.4). This was similar to Brown et al. (2005b) who found that red clover and chicory had 
a maximum rooting depth of 1.9 m and water extraction ceased around mid-November.  
The spring water use efficiency of lucerne was greater (22.6 kg DM/ha/mm) than cocksfoot-lupin 
pastures (16.2 kg DM/ha/mm). The lucerne spring WUE was similar to that found by Moot et al. (2008) 
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who denoted lucerne achieved a spring WUE of 24.0 kg DM/ha/mm of water used. It was also stated 
that cocksfoot pastures had a spring WUE of 17 kg DM/ha/mm when N content averaged 2.9% and 38 
kg DM/ha/mm when N content of the pasture averaged 4.2%. The WUE of lupin has not been 
quantified in previous NZ studies therefore comparisons are not possible. However, the cocksfoot-
lupin pastures were found to be dominated by cocksfoot (60-90%) for three of the four harvests (Figure 
4.8) therefore some comparison of the cocksfoot-lupin pasture to a pure cocksfoot stand can be made. 
The season WUE was greater for lucerne (19.0 kg DM/ha/mm) than cocksfoot-lupin pastures (14.6 kg 
DM/ha/mm). These values are lower than previous studies of 40 kg DM/ha/mm on a Wakanui silt loam 
but is comparable to 16 kg DM/ha/mm on a very stony Lismore soil (Brown unpublished). In the current 
experiment, the WU was not normalised for vapour pressure deficit (VPD) to account for the fact that 
an increased VPD causes an increase in WU with no effect on herbage production (Tanner & Sinclair 
1983). 
In April both pastures experienced a period of no increase in accumulated WU and in June accumulated 
WU declined. In both of these months, a mean of 19.8 mm more rainfall occurred than the 39 year 
average. From this, leaching of water from the soil profile would have occurred which was not 
measured or accounted for in the WU equation. Therefore, it is possible that WU was overestimated 
for both pastures and WUE underestimated. However, the magnitude of this is thought to be relatively 
minor. 
Summer (Nov-Feb) growth of lucerne in this experiment was 47.5 kg DM/ha/day. This is less that the 
80 kg DM/ha/day of lucerne growth under dryland conditions in summer measured by Hayman and 
McBride (1984). This was likely due to soil moisture content limiting growth in summer months due to 
summer rainfall being 91 mm less than average. Although the tap root of lucerne can extend 2 m in 
the soil profile, without water present, no matter the species, growth will not occur. The annual DM 
yield of lucerne in this experiment at Lincoln University (9,997 kg DM/ha) was lower than previous 
findings of near 20 t DM/ha on soils of high water available capacity (Brown et al. 2005b; White & 
Hodgson 1999). A low Olsen P (10) could also have limited growth. Optimum Olsen P for near maximum 
pasture production is 25-30 (Wheeler et al. 2004). Application of P to the lucerne and cocksfoot-lupin 
pastures at Lincoln University it recommended to achieve realistic on-farm yields of lucerne for proper 
comparison of cocksfoot-lupin pasture to lucerne. 
5.2 Nitrogen use 
No change in DM of lucerne to increasing N rate was seen at Lincoln University (Figure 4.5 and Figure 
4.6). N is essential for leaf canopy expansion and photosynthesis. Legumes have the ability to fix N2 as 
well as take up available soil N. It has been found that legumes will reduce N2 fixation and take up soil 
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N when available soil N exceeds that necessary for growth (Allos & Bartholomew 1959). Gibson (1966) 
also stated that the “energy cost” of N assimilation would be similar to that of N2 fixation. From this, it 
is therefore unlikely that a change in DM yield would occur in legume dominant stands such as lucerne. 
However, at Sawdon Station, lucerne yield increased by 31.1% over the control when 200 kg N/ha was 
applied but decreased when further N was applied (Figure 4.7). Hoglund et al. (1974) also found a 
decrease in lucerne yield from 3.97 to 3.51 t DM/ha. The reason for this was not clear but it was 
suggested that increased soil organic matter mineralisation with adequate soil moisture and rising soil 
temperatures may have provided appreciable quantities of available soil N up to a toxic level for plant 
uptake. Conversely, in grass-legume stands it is likely that N will stimulate the growth of the grass 
component. July applied N cocksfoot-lupin plots increased in growth (Figure 4.6) which was dominated 
by cocksfoot (80-98%) (Figure 4.8). In March N applied cocksfoot-lupin plots, yield did not increase 
which may have been due to the small plot size (0.05 m2). If plot size was increased it would be 
expected that pasture yield too would be increased primarily due to the grass component (Mills et al. 
2009). 
In the cocksfoot-lupin pastures at Lincoln University, the percentage of cocksfoot and lupin remained 
relatively even in response to N rate regardless of application rate or date. Lupin percentage increased 
to an average of 48.1% (24.6-59.7% range) in the September harvest from never exceeding 10% in the 
May and July harvests on plots where N was applied in March. This demonstrates that the timing of 
the experiment meant pasture production was limited by temperature. Low yields of lucerne and 
cocksfoot-lupin during the May and July harvests (Figure 4.5) also demonstrates this point. It has been 
estimated that lucerne (‘Wairau’) and cocksfoot have a base temperature of 0.7 oC and 1.3 oC, 
respectively (Moot et al. 2000). Base temperature refers to the temperature below which no 
development occurs. Currently, the base temperature of lupin has not been defined but it is estimated 
that it would be below that of cocksfoot due to the high presence of cocksfoot in May and July 
harvested plots and often general absence of lupin during this time (Figure 4.8). Lucerne’s greatest N 
response has been found to occur in late spring/summer when grow rates are fastest and N 
requirement is highest (Hoglund et al. 1974). Therefore, further analysis over an entire growth season 
would be recommended to gauge the seasonal response of both pastures to N uptake, in particular 
perennial lupin for which there is little data. 
The higher concentrations of N in lucerne (>4%) plant material would have increased the overall 
canopy expansion (Mills et al. 2009) and ensured higher rates of leaf photosynthesis were obtained 
per unit of water used (Peri et al. 2002b) compared with the cocksfoot-lupin pasture. Leaf area 
expansion and photosynthetic capacity of cocksfoot in particular would have decreased under limited 
N availability, resulting in reductions in total yield and WUE. Maximum photosynthesis for cocksfoot is 
predicted to occur at 5.2-5.9% N when temperature and water are non-limiting (Peri et al. 2002b). 
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Cocksfoot plants at Lincoln University ranged between 3.15% and 5.51%. Only plants which received 
applied N in July at or above 600 kg N/ha had an N concentration within the predicted maximum 
photosynthesis range of 5.2-5.9%. Aside from these two measurement, this implies that cocksfoot was 
moderately N stressed throughout the measurement period limiting potential yield.  
Lupin plants at Sawdon Station had a greater average N content during October (4.8%) than May 
(3.7%). This was consistent with Black et al. (2014) who found that leaf, stem, and petiole had a 
greatest N concentration in October (4.1%) which declined in following months to 2.2% in May. The N 
content of lucerne plants harvested in October at Sawdon Station increased with increasing applied N 
rate from 3.5% to 4.8%. Visual observations of the site also showed that lucerne plants which received 
high levels of N were darker in colour. 
With legumes ability to fix atmospheric N, application of N fertiliser to lucerne or cocksfoot-lupin 
pasture is uncommon. However, N can still be applied to pasture in the form of urine excreted by 
grazing livestock. It was estimated that the Coopworth hoggets grazing lucerne and cocksfoot-lupin 
pastures returned on average 325 and 183 kg N/ha, respectively (Table 4.1). This was calculated by 
assuming 78% of N ingested would be returned to pasture via urine (White & Hodgson 1999). 
Differences were attributed to feed intake and differences in N content of the pasture. Animals grazing 
lucerne had a 0.55 kg DM/head/day greater intake than that of hoggets on cocksfoot-lupin pasture. 
Lucerne also had a greater average N content of 4.7% compared with 4.2% for cocksfoot-lupin pasture. 
Therefore, with a greater N content and intake, hoggets grazing lucerne consumed more N which 
would allow for a greater return of N to pasture.  
Soil water content on 31 August 2015 demonstrated that soil was not fully saturated after winter, 
refilling the profile to a depth of 0.6-1.0 m (Figure 4.4). This would imply that excess N applied to soil 
would therefore not have been leached and would be available for plant uptake in spring. However, N 
effect on yield is dependent on soil moisture as movement of ions from fertiliser or urine patches is 
restricted during a moisture deficit in the topsoil although there may be available water deeper in the 
soil profile (Mills et al. 2006).  
Yield of lupin plants at Sawdon Station in response to applied N was not displayed due to large initial 
variation in size of mature lupin plants. Yield of resident grass was also not measured due to a high 
presence of non-target species in the sward. 
 41 
6 Conclusion 
• Lucerne had a greater yield (3,100 kg DM/ha more) and WUE (4.4 kg DM/ha/mm water used 
more) than cocksfoot-lupin pastures.  
• N content of lucerne was consistently above 4.0% which ensured higher rates of leaf 
photosynthesis were obtained per unit of water used compared to 3.43% for cocksfoot-lupin 
pasture. 
• Lucerne had a greater rooting depth (2.0 v 1.7 m) and ability to extract water from further 
down the soil profile (53 mm more water extracted) than cocksfoot-lupin pasture which 
allowed lucerne to grow for a further two months during summer when cocksfoot-lupin 
pasture growth noticeably declined at mid-November.  
• Soil moisture was consistently below 27% soil volumetric water content during the season 
indicating cocksfoot was moisture limited throughout the season. 
• N application did not affect yield of lucerne at Lincoln University regardless of application date. 
At Sawdon Station, high N rates depressed lucerne growth but the reason why is unknown. 
• Cocksfoot-lupin growth was improved by 1,261 kg DM/ha when 600 kg N/ha was applied in 
July primarily due to N stimulating cocksfoot growth which constituted 90-100% of the sward.  
• N content of cocksfoot only exceeded 5.2% (below which plants do not photosynthesis at their 
maximum) during this increase in growth suggesting cocksfoot was moderately N stressed for 
the majority of the season which lowered potential growth. 
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